while the ion channel moves. In contrast, it has been tion. Conservation of these contacts in AMPA and kaiproposed that the process of desensitization uses agonate receptors indicates that they are important deternist binding energy to disrupt the dimer interface, minants of dimer stability and that the dimer interface allowing the channel to close even though the agonist is a key structural element in the gating mechanism binding domains remain in their closed-cleft active conof these glutamate receptor families. desensitization kinetics were analyzed using rapid perfusion techniques and outside-out patch recording. Truncation of the lysine side chain at position 493 to Results and Discussion alanine resulted in a 41-fold increase in the rate of desensitization, strikingly faster than wild-type ( Figure 2B ). In crystal structures of wild-type GluR2 ligand binding core dimers, there are numerous contacts between the Consistent with this, the extent of desensitization was nearly complete for the K493A mutant (Table 1) . Followadjacent subunits that are expected to stabilize the dimer assembly ( Figure 1A ). These include a pair of salt ing a 1 ms application of glutamate, k off was accelerated 3.3-fold ( Figure 2B and Table 1 ). As a result, although bridges, an extensive hydrogen bond network, and van der Waals contacts between hydrophobic residues k off and the rate of desensitization for wild-type GluR2 differ nearly 15-fold, for K493A, the ratio is only 1.2-(Armstrong and Gouaux, 2000). The amino acids which form these contacts are highly conserved in the nine fold, suggesting that even with the brief applications of glutamate used to measure k off this mutant undergoes genes encoding AMPA and kainate receptor subunits ( Figure 1B) . To investigate their role in glutamate recepsubstantial desensitization. Truncation of lysine 493 to alanine removes the positor gating, we systematically mutated individual resiGlutamate Receptor Gating 381 tively charged amino group but in addition leaves a large cavity in the surface of the dimer interface. To compensate for this steric effect, we made the K493M mutant. The methionine side chain possesses a similar shape and volume to that of lysine yet lacks the positive charge. The rate of onset of desensitization for the K493M mutant was 11-fold faster than for wild-type GluR2 and 4-fold slower than for the K493A mutant (Table 1 and Figure 2B ). This indicates that the methyl groups of the lysine side chain play a significant role in stabilizing the dimer interface, most likely via van der Waals contacts with E486 and F491. Thus, the K493M mutant also destabilized the dimer interface but to a lesser extent compared to K493A ( Figure 2C ). For K493M, k off was only 1.3-fold faster than wild-type compared to the 3.3-fold faster rate for K493A ( Figure 2D and Table 1 ).
Figure 1. GluR Ligand Binding Cores Assemble as Dimers
(A) Side and top views of the GluR2 S1S2 ligand binding core crystal structure reveals 2-fold symmetric dimerization (Armstrong and Gouaux, 2000) . The polypeptide segments S1 and S2, which form one subunit, are colored orange and blue, respectively, with the dimer partner subunit shaded yellow and green; labels indicate helices D and J, which form complementary surfaces in the dimer interface. (B) Secondary structure of the GluR2 S1S2 segments, which form dimer interface contacts, and a corresponding amino acid sequence alignment of AMPA and kainate receptor subunits; ␣ helices are drawn as cylinders and ␤-strands as arrows. A conserved pair of salt bridges between adjacent subunits is formed by E486, shown in red, and K493, colored in blue. Residues that form main chain hydrogen bonds across the interface are colored pale green, including L483, V484, and F491, while N747 and E755, which make side chain hydrogen bonds, are colored dark green. A conserved hydrophobic cluster composed of I481, L483, L748, L751, and K752 is colored yellow. Other conserved residues are boxed in gray.
zawa et al., 2003). The initial experiments, which sug-
dues that form dimer contacts, using a range of amino acid substitutions to explore the influence of side chain gested a role for AMPA receptor dimers in the gating process, relied extensively on use of the L483Y mutant chemistry and its influence on desensitization kinetics. which decreased the dimer Kd 10 desensitization kinetics were analyzed using rapid perfusion techniques and outside-out patch recording. Truncation of the lysine side chain at position 493 to Results and Discussion alanine resulted in a 41-fold increase in the rate of desensitization, strikingly faster than wild-type ( Figure 2B ). In crystal structures of wild-type GluR2 ligand binding core dimers, there are numerous contacts between the Consistent with this, the extent of desensitization was nearly complete for the K493A mutant (Table 1) . Followadjacent subunits that are expected to stabilize the dimer assembly ( Figure 1A ). These include a pair of salt ing a 1 ms application of glutamate, k off was accelerated 3.3-fold ( Figure 2B and Table 1) . As a result, although bridges, an extensive hydrogen bond network, and van der Waals contacts between hydrophobic residues k off and the rate of desensitization for wild-type GluR2 differ nearly 15-fold, for K493A, the ratio is only 1.2-(Armstrong and Gouaux, 2000). The amino acids which form these contacts are highly conserved in the nine fold, suggesting that even with the brief applications of glutamate used to measure k off this mutant undergoes genes encoding AMPA and kainate receptor subunits ( Figure 1B) . To investigate their role in glutamate recepsubstantial desensitization. Truncation of lysine 493 to alanine removes the positor gating, we systematically mutated individual resi-tively charged amino group but in addition leaves a large cavity in the surface of the dimer interface. To compensate for this steric effect, we made the K493M mutant. The methionine side chain possesses a similar shape and volume to that of lysine yet lacks the positive charge. The rate of onset of desensitization for the K493M mutant was 11-fold faster than for wild-type GluR2 and 4-fold slower than for the K493A mutant (Table 1 and Figure 2B ). This indicates that the methyl groups of the lysine side chain play a significant role in stabilizing the dimer interface, most likely via van der Waals contacts with E486 and F491. Thus, the K493M mutant also destabilized the dimer interface but to a lesser extent compared to K493A ( Figure 2C ). For K493M, k off was only 1.3-fold faster than wild-type compared to the 3.3-fold faster rate for K493A ( Figure 2D and Table 1 ).
To shorten the side chain and eliminate the negative charge of E486, the salt link partner of K493, the glutamate residue was substituted for an alanine. As expected, the rate of onset of desensitization for E486A was much faster than for wild-type, increasing 10.5-fold, while in contrast to the result obtained for K493A and K493M, k off for E486A was slightly slower than for wildtype ( Figure 2B and Table 1 ). Despite this, k off and the rate of desensitization for the E486A mutant differed only 1.2-fold, suggesting that similar to K493A this mutant undergoes substantial desensitization with the brief applications of glutamate used to measure k off . Consistent with a common dimer structure in AMPA and kainate receptors, mutation to glycine of the equivalent to E486 in the kainate receptor subunit GluR6 ( Figure 1B To further investigate the mechanism of action of the highly conserved E486 side chain in AMPA receptor gating, mutations were introduced to test the effects of charge neutralization and increasing the distance between the lysine and mutant side chains in the salt link (Figure 2 ). Mutation to glutamine (E486Q), a neutral side chain possessing a volume and shape comparable to glutamate, resulted in rates of desensitization and k off that were only 3.5-fold and 1.2-fold faster than wildtype GluR2 (Figures 2C and 2D) , substantially less of an n ϭ 4 n ϭ 6 n ϭ 6 L483A 42.7 Ϯ 6.3 34.5 Ϯ 4.5 90.9 Ϯ 2.0 691 Ϯ 118 n ϭ 9 n ϭ 7 n ϭ 9 n ϭ 9 E486A 1320 Ϯ 159 33.0 Ϯ 2.5 96.8 Ϯ 1.0 1609 Ϯ 164 n ϭ 8 n ϭ 7 n ϭ 8 n ϭ 7 E486D 5793 Ϯ 340 26.6 Ϯ 2.5 98.0 Ϯ 0.6 7054 Ϯ 626 n ϭ 7 n ϭ 7 n ϭ 6 n ϭ 6 E486N 1855 Ϯ 100 26.5 Ϯ 3.1 98.9 Ϯ 0.3 2071 Ϯ 122 n ϭ 8 n ϭ 5 n ϭ 6 n ϭ 6 E486Q 447 Ϯ 31 25.8 Ϯ 1.9 99.5 Ϯ 0.1 2265 Ϯ 221 n ϭ 7 n ϭ 11 n ϭ 7 n ϭ 8 K493A 5157 Ϯ Table 1 ), indicating that introduction of the neutral asparagine side chain produced a similar change in the tion of the receptor ( Figure 3B and Table 1) . Introducing an aspartate side chain at N747 also prodimer interface to that of the E486A truncation mutant. Taken together, the series of E486 mutants reveal that duced a more rapid rate of desensitization, 9.5-fold faster than wild-type but 2-fold slower than for the both the negative charge and the space-filling characteristics of the glutamate side chain are important for N747A mutant ( Figure 3C ), while k off for N747D remained maintaining dimer stability during the active state.
close to control values ( Figure 3D and Table 1 ). Examination of the GluR2 dimer crystal structure suggests that the N747D mutation will have two effects. First, the interDisruption of the Hydrogen Bond Network molecular hydrogen bond contact with E486 of the adjaGenerates Rapid Desensitization cent subunit will be replaced by a repulsive coulombic A network of hydrogen bonds across the dimer interface interaction between the D747 and E486 carboxyl side is mediated by the side chains of E486, K493, N747, and chains. Second, the D747 side chain provides an alterna-E755, and the main chain peptide bonds of L483, V484, tive salt bridge partner for the K493 side chain within and F491. This network connects the base and middle the same subunit, while in the wild-type receptor K493 of helix J of one subunit with helix D of the adjacent subunit as well as linking the pair of protomers which is linked to its dimer partner by a salt link. Thus, the N747D mutant will replace an intermolecular contact in the dimer interface by an intramolecular salt bridge, satisfying the charge balance for the K493 side chain but disrupting a major dimer contact. Glutamate 755 at the base of helix J is conserved across all AMPA and kainate GluR subunits. The side chain of E755 contributes to dimer formation by making two contacts with the adjacent subunit: a hydrogen bond with the backbone amide nitrogen of L483 and a solvent-mediated hydrogen bond with the backbone amide nitrogen of V474 ( Figure 3A) . To remove these contacts, the glutamate residue was substituted with an alanine. Strikingly, the E755A mutant displayed no responses to 10 mM glutamate ( Figure 3B ). However, following the prior application of 100 M cyclothiazide, weakly desensitizing glutamate-evoked currents were recorded ( Figure 3B ). To gain insight into the loss of gating produced by the E755A mutation, additional residues were introduced at this site and tested for function in the absence and presence of cyclothiazide. When the glutamate side chain was replaced by aspartate and asparagine, shorter residues that are negatively charged and neutral, the resulting mutants also required application of cyclothiazide for activation of ion channel gating by glutamate (data not shown), indicating that the integrity of the dimer interface was severely disrupted. In the crystal structure of the GluR2 dimer the E755 side chain is in a fully extended conformation; thus, truncation to Asp or Asn prevents formation of an intermolecular hydrogen bond with the dimer partner subunit. In contrast the longer side chain of glutamine should permit hydrogen bond formation with main chain amide nitrogen of L483 at base of helix D. Consistent with this, glutamateevoked currents were recorded in the absence of cyclothiazide for the E755Q mutant ( Figure 3B ). The rate of desensitization and k off for E755Q were 18-fold and 1.6-fold faster than wild-type ( Figures 3C and 3D and Table 1 ). The results for the E755 mutant series suggest that the glutamate residue provides significant contacts between helix J and helix D that stabilize GluR dimers in their active conformation. The E755 side chain is not involved in binding of cyclothiazide, and thus the alloste- with glutamate, strongly desensitizing responses (mean 96%, n ϭ 2) were recorded, indicating that the I481A mutant severely destabilizes the dimer interface. In contrast, when the isoleucine side chain was attenuated by one methyl group, rapidly desensitizing responses to glutamate were recorded in the absence of cyclothiazide for the I481V mutant. The rate of onset of desensitization for I481V was 22-fold faster than for wild-type ( Figure  4B and Table 1) , and, in the presence of cyclothiazide, desensitization (mean 16%, n ϭ 2) was much weaker than for the I481A mutant. Truncation of L748 to alanine also increased the rate of onset of desensitization, by 12.5-fold, but caused little change in k off ( Figure 4B and Table 1 ). Thus, intermolecular van der Waals contacts with L748 are also likely to contribute to dimer stability. The alanine truncation mutant L751A did not respond to application of glutamate alone but exhibited a partially desensitizing response (48.8% Ϯ 4.0%, n ϭ 4) after treatment with 100 M cyclothiazide (Figure 4B ), indicating that protein expression, folding, and insertion into the membrane are not blocked by the L751A mutation.
To gain further insight as to why the L751A mutant showed activity only in the presence of cyclothiazide, we introduced additional residues at this position. Valine, a hydrophobic residue with a greater volume than alanine, failed to rescue responses to glutamate applied alone, but in the presence of 100 M cyclothiazide gave a less strongly desensitizing response (10.5% Ϯ 1.2%, n ϭ 5) than the alanine mutant, indicating that the larger side chain increased dimer stability in the presence of cyclothiazide. Inspection of the GluR2 crystal structure indicated that histidine should substitute for L751 with minimal steric clashes. Consistent with this, the L751H mutant responded to glutamate in the absence of cyclothiazide but with a rate of onset of desensitization 36-fold faster than wild-type ( Figure 4C and Table 1 ), indicating that the larger histidine side chain destabilizes dimer stability compared to the wild-type leucine side chain. Because L751 forms part of the binding site for cyclothiazide in the wild-type receptor, it is impossible to separate the effects of mutations at this site on cyclothiazide modulation from either a perturbation of binding of the allosteric modulator, a disruption of the The results of the helix J alanine scan allow us to draw the orientation of the ligand binding core dimers in the two important conclusions. First, they establish that the desensitized state is unknown, as is whether interacdestabilization of dimer contacts produced by mutations between the ligand binding cores contribute to the tions in helix J is a specific effect and not due to a high stability of the desensitized state. In an attempt to general disruption of the fold in this region. We draw this define contacts that stabilize the desensitized state, we conclusion because all of the mutations that accelerate performed an alanine scan of helix J and measured the desensitization form intermolecular contacts in the dirate of recovery from desensitization (k rec ), reasoning mer crystal structure, while ineffective positions do not. that the extensive surface of helix J is a likely source of Second, these experiments reveal that helix J is unlikely new intermolecular contacts in the desensitized state.
to form new contacts that stabilize the dimer in a desenThe scan started at S740 and ended at Q756. For wildsitized conformation. A similar conclusion can be drawn type GluR2 k rec is 102 Ϯ 18.4 s Ϫ1 (n ϭ 12) and did not for the lateral interface, which also does not appear to increase for any of the 17 mutants tested, indicating that stabilize the desensitized state. At present, our underthe stability of the desensitized state was not reduced.
standing of the structure of the desensitized state reInstead there were 1.5-to 5.7-fold decreases in k rec , with mains limited, but the result of our experiments would no clear pattern in the location of the more sensitive be compatible with the high stability of the desensitized positions (see Supplemental Table S1 at http://www. state resulting instead from contacts formed within the neuron.org/cgi/content/full/41/3/379/DC1). For all of the pore region itself or the linkers connecting the pore helix J alanine scan mutants, with the exception of those that play roles in the dimer interface clusters described helices and ligand binding domains.
cation of glutamate the majority of channels close before they desensitize. In contrast, for some mutants described here, entry into desensitized states is so rapid that it is likely to be the dominant factor determining the decay of responses to brief applications of glutamate (Table 1) . In cases with rates of desensitization that are intermediate between these extremes, the rate of decay of responses to brief applications of glutamate is likely to be determined both by closure of the channel gate and subsequent agonist unbinding as well as by entry into desensitized states. In the gating model shown in Figure 6B , mutants that destabilize the dimer interface both reduce the height of the energy barrier that controls entry into desensitized states and, in addition, decrease the free energy of the open state relative to wild-type ( Figure 6B ). The balance between activation and desensitization is biased in wildtype AMPA receptors to generate brief synaptic events with minimal desensitization. In contrast, for mutants such as E755A and I481A, for which no response to agonist is recorded in the absence of cyclothiazide, either the rate of desensitization is faster than the activation rate or the majority of channels are desensitized at rest in the absence of agonist. The majority of mutants we studied lie between these extremes and show responses to glutamate applied alone but with faster rates of desensitization and deactivation than wild-type. In contrast, as previously noted (Sun et al., 2002) , when the strength of dimer contacts is increased, as occurs following the binding of cyclothiazide or in the case of This approach has allowed us to interpret the complex serves as a key structural element that permits the energy available from agonist binding to do work on the gating effects produced by individual mutants on the basis of protein chemistry. We show that the contacts ion channel gate. The correlation observed between k off , measured with brief applications of glutamate, and the mediating dimer formation between the ligand binding cores form clusters in which multiple bonding mecharate of onset of desensitization for mutations which perturb the dimer interface ( Figure 6A ) can be explained by nisms converge on a single locus. Although our analysis was grouped into ion pair, hydrogen bond, and van der the gating scheme shown in Figure 6B . We assume that, because work must be done to open the channel gate, Waals contacts, within each cluster all three mechanisms play major roles, and in several cases individual the closed to open transition puts strain on the dimer interface. This strain can be relieved either by channel side chains form intermolecular contacts mediated by multiple bonding mechanisms. Truncation of some side closure and unbinding of agonist (deactivation) or by disruption of dimer contacts, resulting in entry into dechains not only breaks specific intermolecular contacts but in some cases perturbs the packing of adjacent side sensitized states. As a consequence, although activation and deactivation do not involve rearrangements of chains, further weakening the intermolecular contacts mediating dimer interactions. The 2-fold symmetric didimer interface contacts, the stability of the open state is influenced by dimer stability. mer interface is an exquisitely sensitive structure designed to precisely regulate glutamate receptor gating For wild-type GluR2 k off is 15-fold faster than the rate of desensitization, indicating that following a brief appliby providing just enough binding energy to allow brief
